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The planar capacitor structure used in the one-transistor DRAM cell described in 
section 8.3.1.1 was predicted to be usable up to the 256-kbit DRAM generation. In 
this generation, the capacitor consumes 30 to 40% of the cell area. It was generally 
agreed that beyond this, a three-dimensional capacitor structure would be needed in order 
for sufficient charge storage to be obtained. It turned out, however, that virtually all of 
the DRAM manufacturers elected to squeeze everything they could from the planar 
capacitor, and continued to use it to manufacture 1-Mbit DRAMs. This decision was 
due largely to the difficulty in achieving a reliable capacitor dielectric in a trench cell at 
the time 1-Mbit DRAMs were introduced. The use of both larger chip sizes and the 
half-Vcc plate-electrode voltage technique permitted the planar capacitor to perform 
adequately for 1-Mbit DRAMs. Reference 42 presents the details of a 1-Mbit DRAM 
technology using a 38-fF planar-capacitor structure in which the cell size is 37 /im^. 

As DRAM size increases, process complexity is expected to increase markedly as 
well. For example, a 1-Mbit DRAMs is reported to require -18 masks and 350 
processing steps, all of which could be successfully carried out in a Class 10 cleanroom 
(Fig. 8- 15c). In comparison, the 4-Mbit DRAM is expected to need 20-25 masks and 
in excess of 450 processing steps, and will thus require a Class 1 cleanroom processing 
facility .^^'^ A detailed report on the technology issues that will need to be addressed 
in the design and fabrication of 64- and 256-Mbit DRAMs has recently been 
published.^^^ 

In 1989 1-Mbit CMOS DRAMs with access times ranging from 6-100 ns were 
being commercially offered. (The fabrication of a high speed 22-ns CMOS DRAM was 
announced in late 1989. but it was not being offered for sale.)^^^ At that time. 4-Mbit 
DRAMs with access times of 80-120 ns were also being offered, and 16-Mbit CMOS 
DRAMs with access times as small as 45 ns were being reported.^ Finally, 1-Mbit 
BiCMOS DRAMs with access times of 30 ns were being introduced.^ 

8.3.3 Trench-Capacitor DRARffl Cells 

8.3.3.1 Trench Capacitor Processing for DRAMs. Trench-capacitor 
structures have been developed as a way to to achieve DRAM cells with larger 
capacitance values without increasing the area these cells occupy on the chip surface. 
(For example, the silicon-area reduction of a trench capacitor compared to a planar 
capacitor for the same specific capacitance is a factor of 18 or more. Specifically, a 4.0- 
/im-deep trench capacitor with surface dimensions of 0.87 x 2.4 /im will occupy less 
than 3 /im^ of chip area but will have a capacitance of 40 fF.)^^ Many of the 
processing details involved in trench- capacitor fabrication are the same as those 
described in chapter 2, section 2.6.3, which deals with the process technology of trench- 
isolation structures. In this section we discuss those issues that are unique to the 
fabrication of trench capacitors used in DRAM cells. 

There are several differences between the trench structures used for isolation and those 
used as DRAM capacitors. In the former, the dielectric film on the trench walls can be 
relatively thick, and the trench can be refilled with polysilicon or CVD Si02. In the 
latter, the insulator formed on the trench walls serves as the capacitor dielectric, and it 
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must therefore be as thin as possible. Since the material that refiUs the trench serves as 
one plate of the capacitor, it must consist of highly doped polysilicon Furthermore, in 
order for increased capacitance to be obtained through increases in trench depth (while all 
other parameters remain constant), the trench waUs must be highly vertical. To allow 
for reliable refilling of the trenches, however, some trench sidewall slope must be 
allowed, and a compromise process that produces a nominal sidewall slope of 87 has 
been suggested.^^ finally, to obtain such structures as Hi-C capacitors, the trench waUs 
may need to be selectively doped. .... •. .h^t 

Several techniques have been developed for achieving a dielectric capacitor film that 
is thin enough to provide both high capacitance and high reliability (that is the 
dielectric must be able to provide the same equivalent breakdown voltage as the planar 
capacitor used in previous DRAM generations). First, composite dielectric films (e.g.. 
thermally grown oxide and CVD nitride) are frequenUy "^-''jf "'^f/"^^; .^.f 
has a higher dielectric constant than SiOz. a thicker composite film will yield the same 
capacitance as a thinner single SiOj layer. This thicker film prevents capacitor leakage 
due to dielectric breakdown or Fowler-Nordheim tunneling. 

The growth of the thermal oxide film is also a key step. Unless preventative 
measures are taken, a thinner oxide will grow in the bottom comers (concave) and top 
comers (convex) of the trench. A higher electric field will exist across these regions, 
causing trench capacitors to exhibit higher leakage currents than planar capacitors. 

This problem is avoided for the bottom comers by ensuring that the etch process 
produces a trench with rounded bouom comers (see chap. 2). In addiuon. an oxidauon 
step for edge rounding and stripping is performed prior to the growing of the actua 
capacitor SiOi film. One report indicates that a 50-nm S1O2 film is grown in this 
process and is then stripped in dilute HF (Fig. 8-16a).48 In addition to smoothing out 
any sharp bottom comers, this step also removes any plasma damage from the trencn 
walls. 



50nm 




at 




48 

Fig. 8-16 (a) Rounding-off oxidation can produce trenches with smooth bottom comers. 
(© 1985 IEEE), (b) Rounding-off oxidation can also reduce the severity of the sharp upper 
comer of the trench.^O T^is paper was originally presented at the Spring 1989 Meeting of 
The Electrochemical Society, Inc. held in Los Angeles. CA. 
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The electric field is intensified at the top comers of the trench because they are 
normally quite sharp after etch, and this magnifies the effect of any oxide thinning that 
may occur. (The extent of the electric-field intensification is modeled in reference 49.) 
The edge-rounding oxidation step mentioned above also increases the curvature radius of 
the top comer of the trenched Si surface (Fig. 8- 16b), thus helping to produce a trench 
capacitor with low leakage currents under high electric fields. However, because it is 
necessary to use a process that allows viscoelastic flow during oxide growth (to relieve 
the stresses that inhibit oxide growth at the convex comers), a higher temperature 
oxidation process (e.g, 1100'*C) is usually involved.'^^'^^ The use of rapid thermal 
processing (RTP) to grow the trench oxide has also been reported.^ ^ Good leakage- 
current behavior is exhibited when RTP cycles of 1 150°C for 25 sec in O2 were used to 
grow the trench oxide. 

The polysilicon that fills the uench must also be highly doped to prevent depletion 
effects. In situ doping of the poly is thus necessary. The conventional process for in 
situ doping of polysilicon employs gaseous phosphine as the dopant source. 
Unfortunately, this reduces the polysilicon deposition rate by a factor of about 25 (see 
Vol. 1, chap. 6). Specially designed LPCVD furnaces with caged boats are needed to 
improve the process.^ However, these fum£K:es have particulate problems and cannot 
be automated, making them incompatible with a high-volume fabrication environment. 
A recent report described the use of t-butylphosphine as an alternative doping source.^ 
It can be used in standard, automated 100- wafer LPCVD furnaces to produce in-situ 
doped polysilicon films. A higher deposition rate can be achieved (--20 A/min), 
with adequate thickness uniformity. This material is also much less toxic than 
phosphine. 

8.3.3.2 First-Generation Trench-Capacitor-Based DRAM Cells. 

Trench structures for storage capacitor application in DRAMs were first reported in 
1982-83 (Fig. 8-17a).^2 xhe processing technology that made these structures possible 
was anisotropic etching of Si by RIE. Earlier V-groov? sunclures etched in Si by 
means of wet etching resulted in crystallographically produced sharp edges, which in 
turn degraded the gate-oxide integrity to the point where devices could not be reliably 
manufactured. One of the first tests that had to be met by RIE-etched trench capacitors 
was that of exhibiting breakdown characteristics equal to those of planar-type capacitors. 
As described in the previous section (and summarized in Fig. 8-17b), several reports 
showed that this could be achieved through the implementation of trench etching control 
measures, the use of edge-rounding procedures, or the use of combination films for the 
trench dielectric (e.g., thermal Si02 and CVD nitride). 

In the first generation of trench-capacitor-based cells the plate electrode of the storage 
capacitor is inside the trench, and the storage electrode is in the substrate. The access 
transistor is a planar MOS transistor fabricated beside the trench capacitor, and the 
trenches are 3-4 /zm deep. The cell size of the basic cells of this generation requires 
about 20 ^m^ of surface area, making the cells suitable for 1-Mbil DRAM designs. It 
was thought that with appropriate design-rule shrinkage, these cells would be 
appropriate for early 4-Mbit DRAM designs.^-^ 
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Fig. 8-17 (a) Basic DRAM trench capacitor structure.^^ (© 1982 IEEE), (b) Processing 
techniques used to insure fabrication of high-quality trench structures. 

In one variation of this cell type, the plate electrode is grounded, and the substrate is 
biased between 0 and 5 V (which improves device isolation between adjacent cells).^^ 
The walls of the storage electrode (i.e., those in the p-type substrate) are doped n-type. 
creating a Hi-C type cell. 

These first generation cells exhibit some disadvantages for smaller-sized DRAM 
cells. Since the charge is stored in a potential well in the substrate, if the cells are too 
close together, high leakage currents arise between adjacent cells (due to punchthrough 
or surface conduction). This problem can be alleviated through increased doping of the 
region between the cells or through the use of deeper, narrower trenches, but at the cost 
of creating other problems. First, the required doping in the substrate will lead to 
avalanche breakdown of the reverse-biased junction of the access transistors at spacings 
<0.8 /xm. Second, deeper, narrower trenches are significantly more difficult to fabricate 
reliably and for practical trench dimensions the spacing limit is nearly reached for the 
cell sizes needed in 4-Mbit DRAMs. Further, since the storage node is in the substrate, 
there is no immunity to charge collection from alpha particles. Consequently, this type 
of trench capacitor is as vulnerable to alpha-particle-induced soft errors as cells made 
with planar storage capacitors. Several design modifications have been developed to 
increase capacitance without either making the Uenches deeper or increasing cell size. 

In the first modification, the plate electrode is folded around the sides of the storage 
elecu*ode, creating a structure called the folded-capacitor cell, FCC (Figs. 8- 18a and 
b).^^ A shallow trench is etched around most of the perimeter of the storage electrode. 
The plate electrode is deposited over this trench, much as a tablecloth is laid over a table 
top.^^ When both the sides and the planar area (tabletop) are covered, a capacitor with a 
larger area is obtained, and the capacitance is thereby increased (Fig. 8- 18c). 

Interestingly, the capacitor of this cell apparently utilizes both the planar- and trench- 
capacitor concepts. In addition, the cell's storage plate edges are electrically isolated 
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C) FIELD OXIDE 



Fig. 8-18 (a) and (b) Top and perspective views of the folded capacitor cell (FCC).^^ (€> 
1984 IEEE), (c) Increase in capacitance by FCC. (d) Cross section of FCC showing CVD Si02 
BOX-isolation structure ^6 (© 1986 IEEE). 

from those of adjacent cells by means of a BOX-type isolation structure, rather than a 
LOCOS isolation structure (Fig. 8-18d). This increases the memory-array packing 
density (and in effect decreases the cell size), while also increasing the capacitance. An 
FCC cell size of 32 jmfi with a 70-fF capacitor was reportedly used to fabricate 1-Mbit 
DRAMS. This cell appears to be scalable to 4-Mbit and 16-Mbit DRAM requirements. 

In a second novel approach, the walls of the storage electrode were made to follow the 
outside edges of the cell perimeter, and die access transistor was placed inside {Isolation 
VErtical Capacitor cell, or IVEC, Fig. 8-19a).^^ A third invention folded the plate 
electrode around the storage electrode but used selective doping of certain trench walls to 
achieve isolation (i.e., the substrate trench walls that act as isolation structures were 
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Fig. 8-19 (a) Isolation-merged VEriical Capacitor (IVEC) cell .57 (© 1984 IEEE), (b) 
Perspective view of the FASIC cell^S (© 1987 IEEE). 

selecUvely boron doped by means of oblique ion implantaUon) and storage (i e Oiose 
wajTs us^ as the stomge plate stirfaces were arsenic doped by means of oblique .on 
Tmplanul creatinga^lc storage c^^^^^^^^ 

bMine adaptive sidewall isolated capacitor (FASIC) ceU (F'g- 8; FASIC cel^ 
can be made as small 10 nm^ and with capacitances as large as 50 tF. '"^"8 
suitable for use in 4-Mbit DRAMs. They require trenches of only 2 /im in depth. 

8 33 3 Trench-Capacitor Structures with the Storage Electrode 
fnside tJe ??ench (Inverted Trench Cell). One set of trench-capacitor 
designs sought to reduce punchthrough and soft-error V^'^^^^^y ^^'^'J^' 
elec&ode on the outside of the trench, and the storage electrode inside (Fig. 8-20a). bince 
S^Tcl^ge sTt^^ inside the trench (which is therefore completely oxide -^^^^ --P 
in the region of lateral contact to the access transistor). U can leak only through the 
capacitor oxide or the lateral diffused contact. . u -.a nr^mo^ 

Four examples of early approaches using such cell designs ^-^-^'^l^'l^'^l^ 
electrode cell (BSE) (Fig. 8-20b).6O substrate-p^e-uench^^^^^^ 
8-20c) 61 and the stacked-transistor-capacitor cell. (STT) (Fig. 8-20d). in me urs,i 
two th'e plate electrode is heavily p-doped and is connected to the power supply, whi e 
TiLe storage plate is heavily n-doped. Since the substrate is maintained at 
fsseSy an equii^tential. the punchthrough problem exists only around the region 
ZZ^ which^e charge is introduced into the trench. Note that for h^-ly-do^d 
storage electrodes (e.g.. >2xl0l9 cm-3), inversion will not occur at 5 V or less. 

s S ^bks app ied ;o the capacitor causes both plates of .he capacitor to deplete; 
ogSe with the oxide capacitor, these two depletion regions make this type of trench 
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Fig. 8-20 (a) Mechanism of charge storage on outer and inner plates of the DRAM trench 
storage capjicitor. (b) Cross section and process sequence of BSE cell °0 (© 1985 IEEE), (c) 
Cross section of SPT cell.61 (© 1985 IEEE), (d) Cross secuon of SIT ceU.^^ (© 1937 eeE). 

capacitor equivalent to three capacitor elements in series. Since the depleUon regions 
grow with increasing voltage, the total trench capacitance decreases monotonically. The 
heavy doping of the plates therefore helps to maximize the cell capacitance. FinaUy. m 
such cells a 0 logic level is stored as 0 V and a 7 level as 5 V. 

The problem with this type of cell is that the gated-diode structure shown m Fig. 
8-2 la can cause a significant leakage cunent to now into the storage node, adversely 
affecting the cell's retenuon time. (The physics of the gated diode structure is treated m 
detail in reference 63.) An alternative cell (the IBM SPT cell) overcomes this problem 
by using PMOS access u^sistors andp-iype doped inner-storage electrodes, and then 
creating the SPT cells in an n-well on a p-substrate (Fig. 8-2 Ib).^^ As a result, the 
storage electrode gates the n-well-to-substrate junction, and the leakage current (as well 
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as the band-to-band tunneling-induced leakage current generated in the bulk siUcon)65 is 
collected at the n-well contact instead of at the storage electrode. If such a cell is not 
built in a weU (e.g.. the BSE cell), the storage electrode will gate the juncuon formed 
by the storage electrode and the substrate, and the resulting leakage current will be 
collected by the storage electrode. 

In the most advanced type of cell that does not use the substrate as the storage 
electrode: feorA the plaie and storage electrodes are fabricated inside the trench opening. 
allowiiJbDlh electrodes to be completely oxide-isolated. LighUy doped epitaxial layere 
on heavily doped substrates are not needed, and the ceUs wiU be free from punchthrough 
at arbitrarily small cell spacings. In addition, the soft-error rate wUl be reduced further 
than it is in the other inverted trench cells. However, these improvements are achieved 
through a substantial increase in process complexity. 

Several such cells have been reported, including the dielectrically encapsulated trench 
(DIET) capacitor (Fig. 8-22a),66 the half-Vcc sheath-plate capacitor (HPSC) (Fig. 
8-22b).67 and the double-stacked capacitor (DSP) (Fig. 8-22c).68 jhe last has two 
polysilicon plates, one biased to Vbb and the other to Vcc/2- The capacitors formed 
by the lower poly plate and substrate (separated by the outer dielectric layer), and by the 
two poly layers (separated by the interpoly dielectric) act in parallel, almost doubUng 
the cell's storage capacitance. A DSP ceU of 6 /zm^ in size with trench depths of 4 /xm 
is reported to exhibit a capacitance of 50 fF. 

8.3.3.4 Trench-Capacltor Cells with the Access Transistor 
Stacked above the Trench Capacitor. The access transistor occupies a 
significant fraction of the ceU area in trench-transistor cell designs. When this transistor 
is a planar transistor and is placed alongside the trench capacitor, surface area must be 
devoted to both structures. Attempts to use short-channel lengths for the access 
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Fig. 8-21 (a) Cell structure with gate controlled diode, (b) Schematic representation of SPT 
cell bias conditions - p-subslraie-io-n-well junction is gated by the polysilicon node. (© 
1987 IEEE). 
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process sequence of the HPSCC cell.^'^ (© 1987 IEEE), (c) Cross section of the DSP cell.^^ 
(© 1987 IEEE), (d) Fabrication process of the TSAC celL^^ (© 1986 IEEE). 



transistor have run up against the effects of drain-induced barrier lowering (see section 
5.5.2). 

One technique for overcoming this problem extends the gate length of the access 
transistor by forming a trench in the transistor channel (Fig. 8-22d). This reduces the 
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area of the planar access transistor without decreasing its channel length Using this 
technique with a self-aligned contact structure, a cell size of 9 /xm^ was realized; such a 
cell is making it suitable for a 4-Mbit DRAM.* 

A more efficient use of space would be to stack the transistor above the trench 
capacitor (and. if possible, to form a verUcal-access transistor). Two examples of such 
ceUs arc the trench-transistor cell (Fig. 8-23) and the self-aligned epitaxy over trench cell 
(SECT) (Fig. 8-24).71 

In the trench-transistor cell, the vertical-access (or trench) transistor is built m the top 
2 /zm of the trench. Its source is connected to the polysiUcon storage electrode of the 
capacitor by a lateral contact, made by means of an oxide undercut etch and polysilicon 
refill. The drain, gate, and source of the trench transistor are formed by a diffused buried 
n+ bit line, an n+ polysilicon word line, and a lateral contact, respectively. The gate- 
oxide thickness is -25 nm and the channel length is 1.5 tim. The transistor width is 
determined by the perimeter of the trench. The electrical behaviors of this trench 
transistor have been modeled, and the results are presented in reference 72. This cell has 
reportedly been used to build 4-Mbit DRAMs. 

A surrounding gate transistor (SGT) cell that extends the trench-transistor cell 
approach has recendy been reported (Fig. 7.23d).l^ This ceU can be made smaller than 
the trench-transistor cell because it uses trench isolation for the bit-Une isolation, rather 
than the LOCOS isolauon used in the latter cell. The transistor and capacitor of this 
cell surround a silicon pillar, allowing the cell size to be shrunk to 1.2 ^m\^ while sail 
providing 30 fF storage capacitance. The SGT cell is being studied as a candidate for 
64/256-Mbit DRAMs. 

In the SHOT cell the storage electrode is first completely isolated from the substrate 
(Fig. 8-25a), and selective epitaxy is then grown. With the exposed Si area surrounding 
the trench acting as a seed, a single-crystal-silicon layer grows over the top of the trench 
(Fig. 8-25b). When the epitaxy growth is slopped before the lateral epitaxial film has 
grown completely over the trench, a self-aligned window is formed on top of the trench. 
The capping oxide on the top of trench surface is then etched, and a second epitaxial 
film is grown. A pyramidal window of polysilicon is formed on top of the exposed 
polysiUcon in the trench; the material surrounding this pyramid is single-crystal silicon 
formed by means of lateral epitaxy. A planar surface is achieved after a specific 
minimum of epitaxial growth, and the isolation structure and MOS transistors are then 
fabricated. An S-Zim^ cell size has been achieved using 0.85-A/m design rules, making 
this cell suitable for 4-Mbit DRAMs. With some process improvements and design 
modifications, the cell appears to be scalable to 64-Mbit DRAM dimensions. 

8.3.4 Stacked Capacitor DRARfl Cells 

Another approach that allows the cell to shrink in size without a loss of its storage 
capacity is that of stacking the storage capacitor on top of the access u*ansistor. as 

* A report that studied the design methodology and size limitations of submicron access 
transistors for DRAM applications is published in reference 70. 
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